The activating receptor, NKG2D, is expressed on a variety of immune effector cells and recognizes divergent families of major histocompatibility complex (MHC) class I-related ligands, including the MIC and ULBP proteins. Infection, stress, or transformation can induce NKG2D ligand expression, resulting in effector cell activation and killing of the ligand-expressing target cell. The human cytomegalovirus (HCMV) membrane glycoprotein, UL16, binds to three of the five known ligands for human NKG2D. UL16 is retained in the endoplasmic reticulum and cis-Golgi apparatus of cells and causes MICB to be similarly retained and stabilized within cells. Coexpression of UL16 markedly reduces cell surface levels of MICB, ULBP1, and ULBP2, and decreases susceptibility to natural killer cell-mediated cytotoxicity. Domain swapping experiments demonstrate that the transmembrane and cytoplasmic domains of UL16 are important for intracellular retention of UL16, whereas the ectodomain of UL16 participates in down-regulation of NKG2D ligands. The intracellular sequestration of NKG2D ligands by UL16 represents a novel HCMV immune evasion mechanism to add to the well-documented viral strategies directed against antigen presentation by classical MHC molecules.
Introduction
Human cytomegalovirus is well adapted, establishing a lifelong, usually benign, relationship with most hosts. Typically, primary infections occur in childhood resulting in mild or inapparent disease followed by asymptomatic, lifetime persistence of the virus with intermittent low level shedding of infectious particles. However, in very young children and immunocompromised individuals, human CMV (HCMV) * replicates to relatively high levels in several different organs, frequently resulting in morbidity and mortality (1) . After reactivation from latency, HCMV faces robust, fully primed host immunity. To counter this, the virus uses a repertoire of immune evasion strategies that can open "a window of opportunity" allowing virus replication for a time or in a specific cell type. There are four membrane glycoproteins encoded in the US region of the HCMV genome (US2, US3, US6, and US11) that can inhibit the MHC class I antigen presentation pathway by independent mechanisms. These include prevention of cell surface expression of MHC class I by retention in the ER, increased degradation of MHC class I, and prevention of the transport of peptides into the ER by the TAP transporter (2, 3) . In addition, two of these, US2 and US3, can block MHC class II-mediated presentation to CD4 ϩ T cells (4) (5) (6) .
Decreased antigen presentation by virus-infected cells would be expected to protect from T cell-mediated recognition, but low levels of MHC class I expression might also predispose these cells to lysis by NK cells, due to decreased engagement of NK cell MHC class I-specific inhibitory receptors. The importance of NK cells in controlling in-1428 NKG2D Ligand Intracellular Retention by HCMV UL16 fection by both HCMV and mouse CMV (MCMV) has been documented (7, 8) , but much less is known about HCMV immune evasion mechanisms directed at NK cells. Although HCMV-encoded proteins UL18 and UL40 have been proposed to inhibit NK function by different mechanisms, our understanding of how HCMV avoids immunosurveillance by NK cells is clearly incomplete (9) (10) (11) .
Recent studies have revealed that NK cells and other leukocytes express a variety of inhibitory and activating receptors for classical and nonclassical MHC class I antigens and other ligands. The balance between engagement of these opposing classes of receptors is believed to control leukocyte activation (12) (13) (14) . One of the activating receptors, the C-type lectin-like molecule, NKG2D, has attracted particular attention as an important mediator of innate and adaptive immune responses (15) . NKG2D is expressed on NK cells, CD8 ϩ T cells, some ␥␦ T cells, some NK-T cells, and activated macrophages (16) (17) (18) (19) (20) (21) (22) . NKG2D associates with the membranebound signaling adaptor protein, DAP10, to transduce a potent activating signal that can stimulate cytotoxicity, proliferation, and the production of cytokines, chemokines, and nitric oxide (16) (17) (18) (19) (23) (24) (25) (26) (27) . Very recently, NKG2D was also shown to associate with the DAP12/ KARAP signaling adaptor in mouse NK cells and macrophages (28, 29) .
Ligands for NKG2D belong to distinct and divergent families of nonclassical MHC class I-like molecules. Human MICA and MICB are encoded by closely related, polymorphic genes that map to the MHC (30, 31) . Like classical MHC class I antigens, they contain ␣ 1, ␣ 2, and ␣ 3 extracellular domains and are type 1 transmembrane proteins. Human ULBP1, ULBP2, and ULBP3 genes map outside the MHC on chromosome 6q25, and the encoded proteins contain only ␣ 1 and ␣ 2 domains, and are glycosylphosphatidylinositol-linked to the cell surface (24) . There are no known mouse equivalents to the MIC genes, but several mouse ligands for NKG2D have been described (18, 19, 32) . All contain ␣ 1 and ␣ 2 domains, like ULBPs, but with low sequence identity. The Rae1 proteins are glycosylphosphatidylinositol-linked, whereas H60 and MULT-1 are type 1 membrane proteins.
Studies on the regulation of NKG2D ligand expression have shown increased MIC expression after heat shock, oxidative stress, transformation, and infection by certain viruses and bacteria (27, (33) (34) (35) (36) (37) (38) . NKG2D ligand expression is commonly found on tumor-derived cell lines (18, 19, 24, 39, 40) , and both H60 and Rae1 are induced in mouse skin by carcinogen treatment (41) . Studies using target cells transfected with NKG2D ligands have shown that their expression stimulates NK cytotoxicity even in the presence of normal levels of classical MHC class I antigens on the target cells (16, 24) . These findings support a general model in which increased NKG2D ligand expression provides a "danger" or "damage" signal to immune effector cells that allows them to kill stressed, transformed, or infected cells (15) . Thus, the NKG2D/NKG2D ligand system potentially represents a new type of immune surveillance mechanism that can operate against cells with normal MHC class I expression.
ULBP1 was initially discovered as a protein that bound to the HCMV-encoded membrane glycoprotein, UL16. This viral protein also binds to ULBP2 and MICB, but not to ULBP3 nor MICA, suggesting that it might be involved in subversion of the NKG2D system. Two possible mechanisms by which this could occur in the context of a CMVinfected cell were proposed. First, cell surface UL16 could bind to cell surface NKG2D ligands and thereby prevent NKG2D-NKG2D ligand interaction, or second, UL16 and NKG2D ligands could interact intracellularly to alter the trafficking of NKG2D ligands and prevent their expression on the cell surface (24, 42) . Here, we present evidence that favors the second hypothesis, provides insight into the mechanisms involved, and supports a role for UL16 as an HCMV-encoded immunoevasion protein.
Materials and Methods
Cell Lines and Purification of Cells. Daudi cells, transduced to express MHC class I antigens and ULBP1, have been described (24) . EL4 (American Type Culture Collection TIB-39) are a murine T lymphoma cell line. His16 cells, a derivative of U373 human glioma cells, have been described (4). U373-MICBNeo15 (MBN15) were derived by transfecting U373 cells with pDC409-MicB7 and pSV2-Neo, and selection in media containing 100 g/ml G418 sulfate (GIBCO BRL). For data shown in Fig. 1 , short-term cultured primary human NK cells were obtained as previously described (43, 44) . For data shown in Figs. 8 and 9, freshly isolated primary human NK cells were obtained from peripheral blood by negative selection using the Rosette Sep human NK cell enrichment cocktail kit (StemCell Technologies Inc.) according to the manufacturer's specifications.
Murine NK cells were expanded from splenocytes of C57BL/6 SCID or RAG2 ϪրϪ mice (The Jackson Laboratory) by growth for 4 d in 200 ng/ml rhuIL-15 (Immunex). Cultures containing Ն 90% NK cells, as analyzed on day 3, were used in cytotoxicity assays.
Adenovirus (Ad) Constructs. Replication-defective (E1 Ϫ ) Ad vectors expressing HCMV UL16, and the cellular proteins MICB, MICA, and ULBP2 were constructed and propagated as previously described (45) . For glycoprotein expression, His16 or MBN15 cells were coinfected with Ad vectors AdtetUL16, AdtetMICB, AdtetMICA, or AdtetULBP2, and a second vector, Adtet-transactivator (Adtet-Trans; using 20% of the amount of other Ad vectors), which expresses a transactivator protein that activates the promoter without the need for tetracycline. AdtetUS9 (45) was used as a control Ad vector.
Flow Cytometric Analysis. The following monoclonal antibodies were used for flow cytometric analysis: M90, antihCD40L used as a mouse IgG1 isotype control; M230, mouse  IgG1 anti-UL16; M291 and M295, mouse IgG1 anti-ULBP1;  M311, mouse IgG1 anti-ULBP2; M550, mouse IgG1 anti-ULBP3; M673 mouse IgG1 anti-MICA; M360, mouse IgG1  anti-MICB; M2, rat IgG2a anti-muIL-4R; and M149, rat IgG2a anti-muIL-15 used as a rat IgG2a isotype control.
Specific binding was detected with either a PE-conjugated F(ab Ј )2 fragment goat anti-mouse IgG (Jackson ImmunoResearch Laboratories), a PE-conjugated F(ab Ј )2 fragment goat anti-Dunn et al. Confocal Immunofluorescence Microscopy. MBN15 or His16 cells were seeded onto 22-mm diameter glass coverslips overnight and infected with Ad vectors for 12 h before fixing in PBS 4% paraformaldehyde. Cycloheximide chase experiments were performed as described above, with an additional 4 h of treatment with 100 g/ml cycloheximide. After permeabilization for 15 min with PBS 0.2% Triton X-100 and blocking for 1 h with PBS 2% goat serum, 1% fish gelatin, and 0.02% Tween 20, the cells were incubated with primary antibodies diluted in blocking buffer for 1 h. Antibodies to calreticulin and GM130 were obtained from Transduction Laboratories. Rabbit antiserum to a COOH-terminal peptide of UL16 (RLRIRLPHRYQRL-RTED) was generated by immunizing rabbits with peptides conjugated onto keyhole limpet hemocyanin according to standard protocols. Cells were washed extensively with PBS containing 0.02% Tween 20 and incubated with goat anti-mouse IgG Alexa 488 and goat anti-rabbit IgG Alexa 594 secondary fluorescent antibodies (Molecular Probes) for 1 h, washed, and mounted with Prolong anti-fade agent (Molecular Probes). Cell staining was visualized on a Bio-Rad 1024 ES laser scanning confocal system attached to a Nikon Eclipse TE300 fluorescence microscope.
Labeling and Immunoprecipitation of Glycoproteins. MBN15 or Ad-infected His16 cells were radiolabeled with 150-250 Ci/ml [ 35 S]methionine-cysteine (PerkinElmer) 20 h after infection for the times indicated in the legends to the figures. After washing, the label was chased by culture in media containing 20-fold excess methionine-cysteine. Cell extracts were made using NP-40/ deoxycholate lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mg/ml BSA, and a cocktail of protease inhibitors). For immunoprecipitation, primary antibodies were rabbit anti-UL16 peptide serum, mouse anti-MICB, M360, or mouse anti-MICA, 3H5 (provided by T. Spies, Fred Hutchinson Cancer Institute, Seattle, WA), and immune complexes were collected with either protein A or protein G agarose beads (GIBCO BRL). Endoglycosidase H (endoH) f analyses were performed with enzyme preparations and protocols supplied by New England Biolabs, Inc. The protein samples were subjected to SDS-PAGE using 12% gels followed by autoradiography or PhosphorImager analysis.
Retroviral Vectors and Transduction. EL4 cells were transduced with amphotropic retroviruses generated by insertion of cDNAs encoding ULBP1, ULBP2, ULBP3, or MICB into the LZRSpBMN-Z vector (46) followed by transfection into the Phoenix packaging line, or with vesicular stomatitis virus G protein (VSVG)-pseudotyped retroviruses (47) generated using the pBMN-internal ribosome entry site (IRES)-green fluorescent protein (GFP) vector in the 293GP packaging line (vectors and cells were provided by the Nolan Lab, Stanford University, Palo Alto, CA).
Construction and Expression of UL16/IL-4R and IL-4R/UL16
Chimeric Protein Retroviral Constructs. The UL16/IL-4R chimera contains the extracellular domain of UL16 through residue 187, with a HindIII site 5 Ј and a BglII site 3 Ј , fused to the transmembrane domain of the truncated murine IL-4R (IL-4R; reference 48) from residues 232 up to and including 258, with a BglII site 5 Ј and a NotI site 3 Ј . This was then subcloned into the LZRSpBMN-Z vector, excised with SrfI, which cuts within the Psi sequence, and NotI, and subcloned into the pBMN-IRES-GFP vector.
The IL-4R/UL16 chimera contains the extracellular domain of the IL-4R through residue 231, with a HindIII site 5 Ј and a BglII site 3 Ј , fused to the transmembrane and cytoplasmic domains of UL16 from residues 188 up to and including 230, with a BglII site 5 Ј and a NotI site 3 Ј . This was then subcloned into the pBMN-IRES-GFP vector as described above. The sequences of the oligonucleotide primers used to amplify the selected sequences by PCR are available upon request.
Immunoblotting. Proteins (15 g of total EL4 lysate or 2 g of CV-1 lysate) were treated with 2 l recombinant N -glycanase (Glyko), separated on 1-mm thick 4-20% Tris glycine gels, and transferred to nitrocellulose filters. UL16 was detected with mAb M230 (1 g/ml in PBS containing 2.5% BSA), followed by horseradish peroxidase-conjugated goat anti-mouse IgG (1:4,000 in PBST). Immunoreactive bands were visualized by enhanced chemiluminescence (Amersham Biosciences). Blots were stripped and reprobed with 0.5 g/ml rabbit anti-STAT5a (Upstate Biotechnology) and horseradish peroxidase-conjugated goat antirabbit IgG (1:2,500 in PBST).
Cytotoxicity Assay. Cytotoxicity assays were performed in the presence of Fab fragments of specific antibodies or leucine zipper (LZ) fusion proteins. UL16LZ has been described (24). 5 ϫ 10 5 51 Cr-labeled targets were incubated with 50 g of the Fab fragments or LZ proteins for 20 min at 37 Њ C, washed with media, and plated at 10 4 cells/well. Effectors were added and assays were performed as previously described (24) .
Results

UL16 Is Not an Effective Competitor of NKG2D-NKG2D
Ligand Interaction. Previous experiments had shown that soluble UL16 prevented binding of ULBP1 to cell surfaceexpressed NKG2D, suggesting that UL16 could be a biological antagonist of NKG2D ligands (24) . To test this hypothesis, soluble recombinant UL16 was added to a cytotoxicity assay that measured the ability of human NK cells to kill Daudi cells that coexpressed MHC class I and ULBP1. Previous work had shown that cytotoxicity in this system was dependent on ULBP1 expression and that killing could be blocked by anti-ULBP1 Fab (24) or anti-NKG2D Fab (unpublished data). In contrast, no diminution of killing was seen with the addition of soluble UL16 (UL16LZ, Fig. 1) . In other studies, we were unable to detect binding of UL16 to ULBP1, ULBP2, or MICB proteins using Biacore technology, under conditions where binding of these ligands to NKG2D was readily measured (unpublished data). The relatively weak binding of soluble UL16 to NKG2D ligands, compared with the relatively strong binding of NKG2D to NKG2D ligands, make it unlikely that UL16 could be an effective direct competitor for NKG2D-NKG2D ligand interactions.
UL16 Accumulates in the ER and cis-Golgi Apparatus. The UL16 coding sequence predicts a type 1 membrane glycoprotein that could act to bind NKG2D ligands either in cytoplasmic membranes or on the cell surface. To examine the subcellular localization of UL16, we constructed a replication-defective Ad vector, AdtetUL16, that expresses UL16. His16 human glioma cells were infected with AdtetUL16, radiolabeled in a pulse-chase format, and UL16 was immunoprecipitated from cell extracts. Samples were treated with endoH, which removes high mannose oligosaccharides characteristic of glycoproteins in the ER NKG2D Ligand Intracellular Retention by HCMV UL16 and cis-Golgi. After a short pulse labeling, UL16 was largely or entirely sensitive to endoH, shifting to a faster migrating form without N -linked oligosaccharides (Fig. 2  A) . Although glycoproteins that move out through the Golgi apparatus and to the cell surface become endoH resistant, UL16 remained predominantly endoH sensitive for the entire 8-h chase period.
Confocal immunofluorescence microscopy indicated that UL16 was found in perinuclear cytoplasmic membranes and rarely on the surfaces of cells (Fig. 2 B) . UL16 extensively colocalized with the ER proteins, calnexin ( Fig. 2 B) , and calreticulin (unpublished data). There was also colocalization with two markers found predominately in the cis-Golgi apparatus, GM130 (Fig. 2 B) and p115 (unpublished data). The amount of UL16 that colocalized with these two Golgi apparatus markers was always less than with ER markers. We concluded that UL16 largely accumulates in the ER and to a lesser extent in the cisGolgi apparatus, with little of the glycoprotein reaching the cell surface.
UL16 Prevents Cell Surface Expression of NKG2D Ligands.
To test the hypothesis that UL16 might function to alter the intracellular trafficking or sorting of NKG2D ligands, MICB and UL16, or MICB and a control protein US9, were coexpressed in His16 cells using Ad vectors. Cell surface expression of MICB was reduced by ‫ف‬ 90% when UL16 was coexpressed compared with cells infected with the control Ad vector (Fig. 3, A and B) . Two other NKG2D ligands, ULBP2, which is known to bind UL16, and MICA that does not bind UL16 (24) , were also expressed using Ad vectors. UL16 reduced cell surface expression of ULBP2, but not MICA (Fig. 3 C) . Therefore, there is a correlation between UL16 binding of NKG2D ligands and down-regulation of their cell surface expression.
UL16 Causes MICB, but Not MICA, to be Retained in the ER and Golgi Apparatus and Stabilizes MICB.
To further characterize the effects of UL16 on MICB, a stably transfected cell line, MBN15, was produced that expresses MICB. MICB was immunoprecipitated from radiolabeled MBN15 cells in a pulse-chase format, and subsequently treated or not treated with endoH. In uninfected cells or cells infected with a control Ad vector, MICB was found largely as a single 41-kD protein species that was entirely endoH sensitive after the 10-min pulse labeling period. However, after the 60-min chase period a large fraction of the MICB displayed an increased apparent molecular weight of ‫ف‬ 44-52 kD, and these mature species were resistant to endoH (Fig. 4 A, top) . By contrast, in cells infected with AdtetUL16, MICB remained largely in the faster mi- ]methionine, a 10-min pulse (labeled P), and chases for the indicated times (in minutes, labeled C). UL16 was immunoprecipitated from cell lysates with rabbit anti-UL16-C-terminal peptide sera. For endoH treatment, samples were divided in half and not treated (Ϫ) or treated (ϩ) with endoH. Immunoprecipitates were analyzed by SDS-PAGE and autoradiography. Bands representing UL16 or UL16 with N-linked oligosaccharides removed (UL16-CHO) are indicated. Preimmune rabbit serum did not precipitate these bands (unpublished data). (B) His16 cells were infected with AdtetUL16 and Adtet-trans (25 and 5 PFU/cell, respectively). After 12 h the cells were fixed, permeabilized, and incubated simultaneously with rabbit anti-UL16-C (red) and mouse antibodies to the cellular markers calnexin (green) and gm130 (green) as indicated. Primary antibodies were visualized with secondary fluorescent antibodies using a scanning laser confocal microscope. No staining was seen with preimmune rabbit serum (unpublished data).
1431 Dunn et al. grating immature form that was endoH sensitive. To characterize the effects of UL16 on MICA, His16 cells were coinfected with AdtetMICA and AdtetUL16, or Adtet-MICA and AdtetUS9. Similarly to MICB, MICA displayed an apparent molecular weight of ‫ف‬ 41 kD after a short pulse labeling period and this species was endoH sensitive (Fig. 4 A, bottom) . The electrophoretic mobility of MICA decreased after the 60-min chase period and the glycoprotein was endoH resistant. Processing of MICA was not affected by UL16. We conclude that UL16 inhibits the processing of MICB to mature, endoH-resistant forms of the glycoprotein, but does not affect trafficking of MICA. These results are consistent with the hypothesis that in cells expressing UL16, most of the MICB leaves the ER slowly, or not at all, and does not reach the trans-Golgi apparatus.
UL16 was found in perinuclear membranes, colocalizing with ER and cis-Golgi markers. To characterize the subcellular distribution of MICB in cells expressing UL16, MBN15 cells were infected with AdtetUL16 or a control Ad vector and stained with anti-MICB and anti-UL16 antibodies. Confocal microscopy indicated that UL16 extensively colocalized with MICB in a perinuclear region of the cells (Fig. 5, A-C) . In cells infected with the control Ad vector, MICB was distributed more uniformly throughout the cytoplasm and a large fraction of the protein was on the cell surface (Fig. 5, D-F) . Therefore, UL16 caused MICB to be retained in perinuclear cytoplasmic membranes of cells, consistent with the endoH analyses.
Based on pulse-chase and endoH digestion experiments, MICB traffics quickly from the ER through the Golgi apparatus to the cell surface and UL16 blocks this transport. The confocal experiments in Fig. 5 , A-F, measure steady state levels of MICB. To trace the fate of MICB molecules produced after expression of UL16, MBN15 cells infected with AdtetUL16 or a control Ad vector were treated with cycloheximide to block protein synthesis. After 4 h of cycloheximide treatment, confocal microscopy of UL16-expressing cells revealed MICB in a perinuclear location colocalized with UL16 (Fig. 5, G-I ). In contrast, MICB was largely undetectable after 4 h of cycloheximide treatment in cells infected with a control Ad vector (Fig. 5 , J-L). To examine turnover of MICB directly, MBN15 cells were infected with AdtetUL16 or a control Ad vector, radiolabeled, and MICB was immunoprecipitated after longer chase periods. After 4 h, there was a marked loss of MICB in cells infected with the control Ad vector. PhosphorImager analysis of the 4-h chase compared with pulse samples indicated that ‫ف‬ 90% of the MICB protein was lost.
By contrast, MICB was more stable in cells coexpressing UL16 (Fig. 4 B) , with only an 11% loss of MICB during the 4-h chase period. Much of the MICB observed after the 4-h chase remained sensitive to endoH and was stabilized by the presence of UL16. It appears that in the absence of UL16, MICB reaches the cell surface relatively quickly, within 60-90 min, and is then rapidly turned over. The presence of UL16 prevents transport of MICB to the cell surface and reduces turnover.
Down-regulation of Cell Surface Expression of NKG2D Ligands by UL16.
To examine in more detail the consequences of coexpression of UL16 and NKG2D ligands on susceptibility to NK cytotoxicity, we wished to use stable transduction of a cell type that lacked expression of endogenous NKG2D ligands. His16 cells express several human NKG2D ligands and were efficiently killed by NK cells (unpublished data), but EL4 mouse thymoma cells have been shown to lack detectable expression of NKG2D ligands (18, 19 , unpublished data) and were chosen for these experiments. EL4 cells were separately transduced with retroviral vectors expressing ULBP1, ULBP2, ULBP3, and MICB. Cell populations expressing high levels of the human NKG2D ligands were derived by cell sorting using specific antibodies to the ligands. UL16 was transduced into each of these EL4 cell populations using a bicistronic retroviral vector in which the UL16 cDNA was followed by an IRES and cDNA encoding GFP. GFPexpressing cells were enriched by cell sorting and analyzed by flow cytometry for NKG2D ligand and GFP expression. Fig. 6 A shows that the NKG2D ligand-transduced cells express uniformly high levels of MICB and the ULBPs, but that transduction by the UL16-IRES-GFP retrovirus followed by a single round of sorting for GFP-expressing cells resulted in decreased levels of cell surface MICB, ULBP1, and ULBP2 in a substantial fraction of cells. In contrast, surface expression of ULBP3, which does not bind to UL16 (24) , was unchanged by the presence of UL16.
To determine if the down-regulation of cell surface ULBP2 was directly correlated with UL16 expression, the heterogeneous population of UL16-IRES-GFP-transduced cells was further sorted by flow cytometry into those expressing higher cell surface levels of ULBP2 (BP2 hi / UL16) and those that expressed lower or undetectable levels (BP2 low /UL16; Fig. 6 B) . UL16 expression in these populations was assessed by Western blot with a monoclonal antibody specific to UL16. Fig. 6 C shows that there was an inverse correlation between UL16 expression and cell surface ULBP2 expression. These findings confirm that UL16 is able to cause down-regulation of cell surface expression for all the NKG2D ligands to which it can bind.
UL16 Transmembrane and Cytoplasmic Domains Contribute to Intracellular Retention of UL16, Yet the Ectodomain Can Reduce Cell Surface Expression of ULBP2.
To examine which sequences within UL16 were responsible for intracellular retention, we constructed chimeric proteins between UL16 and a truncated mouse IL-4R that has a very short cytoplasmic domain and is readily expressed on the cell surface (48) . These chimeric proteins were expressed using retroviral vectors in which the UL16/IL-4R chimeric cDNA was followed by an IRES and GFP. After transduction of EL4 cells or EL4 cells expressing ULBP2, transduced cells were enriched by sorting for GFP expression. As shown in Fig.  7 , A and C, full-length UL16 transduction gives no detectable cell surface expression of UL16 despite abundant intracellular staining. When the extracellular domain of the IL-4R was fused to the UL16 transmembrane and cytoplasmic domains (IL-4R/UL16), there was no detectable surface expression of the chimeric protein, but it was readily detected intracellularly (Fig. 7, B and C) . In contrast, replacement of the UL16 transmembrane and cytoplasmic domains by those of the IL-4R (UL16/IL-4R) allows cell surface expression of the UL16 ectodomain in a consider- able fraction of transduced cells (Fig. 7 C) . These results demonstrate that the UL16 transmembrane and cytoplasmic domains of UL16 contribute to intracellular retention of UL16 and can also dictate intracellular localization when fused to ectodomains of proteins that are normally located on the cell surface.
The retrovirus vectors encoding the chimeric constructs were then transduced into EL4 cells expressing ULBP2 and sorted for GFP expression (Fig. 7 D) . Surprisingly, UL16/ IL-4R substantially reduced cell surface expression of ULBP2 to an extent that was comparable to full-length UL16. The IL-4R/UL16 construct had no effect on ULBP2 surface expression (Fig. 7 D) . Thus, the UL16 ectodomain, in the absence of UL16 transmembrane and cytoplasmic domains, was able to down-regulate NKG2D ligand surface expression.
Functional Cross-Reaction of Human NKG2D Ligands with Mouse NKG2D. Previous work had shown that human NK cells could recognize ULBP and MIC when they were expressed in human target cells (24) . To determine whether human or mouse NK cells would be able to mediate efficient NKG2D-mediated cytotoxicity against human NKG2D ligands expressed in mouse target cells, we used the EL4 lines expressing human NKG2D ligands as targets in cytotoxicity assays. MICB, ULBP1, and ULBP2-expressing EL4 cells were killed efficiently by IL-15-activated mouse NK cells compared with the parental EL4 cells, whereas ULBP3-expressing EL4 cells were killed at the same level as the parental EL4 cells (Fig. 8 A) . The cytotoxicity results correlated completely with binding experiments showing that ULBP1, ULBP2, and MICB, but not ULBP3, could bind to recombinantly expressed mouse NKG2D (unpublished data). The enhanced killing was completely blocked by a monoclonal antibody directed against mouse NKG2D, demonstrating specificity (unpublished data). When human NK cells were tested against the same panel of mouse targets, all the transductants were killed more efficiently than EL4 cells and killing was blocked by a monoclonal antibody directed against human NKG2D (Fig. 8 B and unpublished data) . These experiments establish that both mouse and human NK cells can recognize the human NKG2D ligands expressed in mouse lymphocytes.
UL16 Expression Increases Resistance to NKG2D Ligandmediated NK Cytotoxicity. The preceding experiments established that UL16 was able to interact intracellularly with NKG2D ligands, altering their trafficking within the cell and decreasing their cell surface expression. To determine how this might affect recognition of the cells by NKG2D-expressing immune effector cells, EL4 cells expressing the NKG2D ligands, ULBP1, ULBP2, and MICB, were transduced with the UL16-IRES-GFP retroviral vector, sorted into populations expressing GFP (designated UL16 ϩ ), or not expressing GFP (designated UL16 Ϫ ), and examined for their ability to act as targets for NK cytotoxicity. As shown in Fig. 9 , cells expressing these NKG2D ligands were efficiently killed by mouse NK cells (Fig. 9, A and B, ULBP1 and ULBP2) or human NK cells (Fig. 9 D, MICB) compared with EL4 cells. NKG2D ligand-expressing cells transduced with UL16-IRES-GFP and sorted for GFP expression were killed much less efficiently than the GFP Ϫ cells. Expression of UL16 in EL4 cells or EL4 cells expressing ULBP3 did not change their sensitivity to killing by mouse or human NK cells (Fig. 9 C and unpublished data) . The correlation between increased UL16 expression, decreased cell surface NKG2D ligand expression, and decreased killing by NK cells, together with the intracellular colocalization of UL16 and the NKG2D ligands, establishes a mechanism by which UL16 would be able to protect HCMV-infected cells from immune surveillance by preventing the cell surface expression of the NKG2D ligands.
Discussion
The central findings described here are that UL16 causes the NKG2D ligands, ULBP1, ULBP2, and MICB, to be retained in the ER and cis-Golgi apparatus of cells so that these molecules do not reach the cell surface, resulting in increased resistance to NK cell cytotoxicity. These data are consistent with a role of UL16 as a viral immunomodulatory protein that enables HCMV-infected cells to avoid recognition by immune effector cells that express NKG2D. Although our data examine only NK cells, it is likely that decreased cell surface expression of NKG2D ligands would increase resistance to killing of HCMV-infected cells by CD8 ϩ or ␥␦ T cells, given the demonstrated role of NKG2D ligands in stimulating cytotoxicity by these effector cells (27, 35) .
The predicted protein sequence of UL16 suggests a type 1 membrane glycoprotein. When expressed in cells, the majority of UL16 was found in perinuclear membranes that also stained with antibodies specific to ER and cis-Golgi proteins. Little or no UL16 was found on the cell surface, either by cell surface staining or confocal microscopy. UL16 oligosaccharides were not processed from high mannose to complex oligosaccharides, a process that is completed in the trans-Golgi, supporting the hypothesis that UL16 does not traffic extensively beyond the cis-or medial-Golgi compartments and is largely retained in the ER. Alternatively, there might be transport from the ER and retrieval from the ER Golgi intermediate compartment or cis-Golgi apparatus back to the ER.
Efficient intracellular retention of UL16 required its own transmembrane and cytoplasmic domains. In their absence some of the UL16 reached the cell surface. These domains can function to retain the extracellular domain of the mIL-4R within the cell, indicating that they contribute substantially to ER localization. The amino acids within these domains that mediate retention are not yet defined. Inspection of the UL16 cytoplasmic amino acid sequence does not reveal known endoplasmic reticulum retention motifs such as di-lysine residues, or KDEL motifs. Arginine-rich sequences have been shown to function as endoplasmic reticulum retention motifs (49) and the short cytoplasmic domain of UL16 is rich in clustered arginine residues. Notably, most arginines are followed by a hydrophobic amino acid (RIPQRLCQRLRIRLPHRYQ RLRTED). Additionally, a YQRL sequence is present that matches a consensus tyrosine-based sorting signal, Yxx, where is a hydrophobic amino acid. Such tyrosine-based signals are used for protein sorting between many different subcellular compartments, depending on the context of the sequence and which adaptor protein complexes are bound (50) . Mutational analysis will be required to determine which residues contribute to the intracellular trafficking of UL16.
UL16 expression in cells caused MICB and other NKG2D ligands to accumulate in cytoplasmic membranes. In the case of MICB, this accumulation was largely or exclusively in perinuclear membranes. Consistent with the notion that MICB accumulated in the ER/cis-Golgi, we found extensive colocalization of UL16 with MICB. UL16 expression also dramatically stabilized MICB within the cell. Confocal microscopy of cells expressing UL16, and treated with cycloheximide for 4 h, detected MICB in a perinuclear location. However, in the absence of UL16, MICB was not detected after 4 h of protein synthesis inhibition. Pulse-chase analysis also confirmed the rapid turnover of MICB and its stabilization by UL16. The precise molecular mechanisms responsible for these changes are not yet known, but it is possible to speculate as to how this might occur. The intracellular half-life of UL16 is long, as we observed little loss of the protein during an 8-h chase period. It is possible that binding of UL16 to MICB forms a relatively stable intracellular complex in the ER and cisGolgi apparatus. In the absence of UL16, MICB moves rapidly to the Golgi apparatus and then to the cell surface, largely acquiring endoH resistance within 60 min. Turnover from the cell surface is likely to involve endocytosis and delivery to lysosomes for degradation, as well as enzymatic shedding, which has been described for MICA and ULBP2 (37, 51, 52) . Intracellular retention of MICB by UL16 would preclude this turnover.
The cytoplasmic and transmembrane domains of UL16 clearly play a role in intracellular traffic and intracellular retention. When these domains were replaced with those of the IL-4R (IL-4R/UL16), there was detectable expression of the UL16 ectodomain on the cell surface. However, when the UL16 ectodomain was fused with the IL-4R transmembrane and cytoplasmic domains (UL16/IL-4R), the chimeric protein retained the ability to reduce cell surface expression of NKG2D ligands. To explain these findings, one hypothesis is that a proportion of the UL16/IL-4R chimera is still retained in the cytoplasm, by mechanisms involving the ectodomain of UL16, and is able to bind NKG2D ligands and retain or missort these complexes within cells. This model suggests that some of the sorting signals reducing UL16 surface expression would be present in the ectodomain. Alternatively, UL16 may function in a similar fashion as has been proposed for the HCMV US3 and the murine CMV m152 proteins that appear to interact transiently with MHC class I and II proteins (5, (53) (54) (55) . This transient interaction might alter the posttranslational processing of MHC proteins, causing them to be missorted either to lysosomes or into other cellular compartments, but not allowing transport to the cell surface. Additional studies are required to define more precisely the molecular mechanisms by which UL16 affects intracellular trafficking of NKG2D ligands.
Although UL16 is able to target ULBP1, ULBP2, and MICB, it is noteworthy that it does not affect the closely related MICA and ULBP3 molecules. MICA has been shown to be induced by HCMV infection in vitro and stimulate T cell-mediated recognition of the infected cells (27) , so one could speculate that another, as yet unidenti- fied, HCMV protein might target these other NKG2D ligands under certain circumstances. Alternatively, the absence of HCMV-encoded antagonists for MICA and ULBP3 might reflect an advantage to the host in the evolutionary arms race with the virus. Similarly, m152 was recently shown to down-regulate the mouse NKG2D ligand, H60, but not the other mouse NKG2D ligands (56) . It is not clear whether the extensive polymorphism in the NKG2D ligands, coupled with sequence variation between strains of CMV, might alter the spectrum of NKG2D ligands affected by UL16 or m152.
How might the interaction of UL16 and NKG2D ligands play out in a virus infection in vivo? HCMV replicates slowly compared with many viruses and does not cause rapid cell destruction. Strong and long-lasting host immune responses are generated to CMV antigens during lifelong persistent infections that frequently involve many cycles of latency and reactivation. Many studies have described the inhibition of MHC class I and II antigen presentation by the HCMV US2, US3, US6, and US11 proteins, and have suggested that this contributes to viral persistence. The discovery that NKG2D ligands are upregulated by cells undergoing infection, stress, or transformation, and that their recognition by NKG2D receptorexpressing cells can mediate destruction of these targets in the absence of any changes in classical MHC-mediated antigen presentation, provides a new paradigm for immunosurveillance. In this model, the pathogen is recognized indirectly by immune effector cells, via changes in cellular phenotype rather than by direct recognition of its encoded antigens. The data presented here suggest that once again the virus is "one step ahead of the game" (57) , and that HCMV expresses UL16 in order to prevent cell surface expression of NKG2D ligands and their recognition by NKG2D-expressing immune effector cells. Strategies that enable the virus-infected cell to avoid immune recognition would be especially useful during the reactivation from latency in the face of a primed and robust cellular immune response. The need to evade preexisting humoral immunity might also explain why UL16 and other HCMVencoded immunomodulatory glycoproteins are retained and act intracellularly. However, it is also possible that UL16 might act during the primary stages of HCMV infection, before the onset of an adaptive immune response, to inhibit recognition by innate immune effector cells and "buy time" for the virus to achieve a latent state.
In studying HCMV immune evasion mechanisms, there are difficulties in extrapolating in vitro molecular and cellular experimental findings to in vivo relevance. HCMV is highly species specific and therefore no in vivo model systems are available. The cell types, viral strains, and infection protocols commonly used to study HCMV in vitro do not always replicate the natural history of HCMV infection in vivo. These difficulties prevent a precise definition of the relative importance of proposed HCMV-encoded immune evasion proteins, how they may work in concert with each other, or even the types of infected cells in which they perform in vivo. Nevertheless, MCMV provides an experimental model in which sophisticated manipulation of the viral genome is now possible so that the roles of proposed immunomodulatory proteins can be tested in the context of an in vivo infection (58) . Such studies have demonstrated the in vivo relevance of MCMV proteins that down-regulate surface expression of classical MHC class I antigens and NKG2D ligands (56, 59) , so there is a solid rationale to believe that UL16-mediated intracellular retention of NKG2D ligands is an important component of the immune evasion arsenal of HCMV.
